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We describe a photogating effect in mono- and few-layer MoS2, which allows the control of the
charge carrier density by almost two orders of magnitude without electrical contacts. Our Raman
studies are consistent with physisorbed environmental molecules, that effectively deplete the intrin-
sically n-doped charge carrier system via charge transfer, and which can be gradually removed by
the exposure to light. This photogating process is reversible and precisely tunable by the light inten-
sity. The photogating efficiency is quantified by comparison with measurements on electrostatically
gated MoS2.
Two-dimensional layered van-der Waals materials and
their heterostructures, particularly the transition metal
dichalcogenides (TMDCs) family such as MoS2, are of
great interest for fundamental research as well as for
novel device concepts in the areas of electronic [1, 2],
optoelectronic [1, 3–5], valley- and spintronic [6] as well
as solar energy conversion [7] and sensing applications
[8]. It has been demonstrated that MoS2 undergoes a
transition from an indirect to a direct bandgap semicon-
ductor by thinning it down to one single layer [3]. The
direct gap at the K-point with Egap = 1.9 eV [3] re-
mains almost unaffected by the number of layers. The
indirect gap existing in vicinity of the Γ-point decreases
in energy for increasing number of layers [3]. In particu-
lar, a high absorption of the monolayer of 5-10% in the
visible regime [9] makes MoS2 a promising material for
optoelectronic devices such as phototransistors and solar
cells. For atomistic thin materials, knowledge about the
interaction with the dielectric environment is of great im-
portance. The impact of substrates [10, 11], the gaseous
environment as well as of adsorbates [12–14] on the opto-
electronic properties of 2D materials have been reported.
The atomistic interfaces offer the opportunity of novel
route for interfacial engineering of electronic, optical and
optoelectronic properties [10, 12, 15, 16].
In this letter, we study the effect of photogating in
MoS2 mono- and few-layer flakes by means of Raman
spectroscopy. Our observations are consistent with ph-
ysisorbed environmental molecules acting as molecular
gates. The molecules can be gradually removed from the
MoS2 surface by the exposure to light. We find that the
photogating effect facilitates the control of the charge car-
rier density in MoS2 by almost two orders of magnitude
in pristine flakes without the need for electrical contacts.
In general, Raman spectroscopy provides access to var-
ious properties of 2D layered materials [17] such as to
the number of layers [18, 19], to strain [20, 21] to the
local temperature [22] and to the doping level [23]. The
Raman spectrum of MoS2 includes two prominent first-
order phonon modes, the E12g and the A1g mode [17].
The E12g mode is an in-plane mode, i.e. the atoms are os-
cillating parallel to the basal plane of the van-der Waals
coupled crystal layers. The A1g mode is an out-of plane
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FIG. 1. (a) Optical microscopy image (100x) of a MoS2 flake
exibiting mono-, bi- and tri-layer areas. (b) Scheme of a top-
and back-gated MoS2 field-effect device for optical measure-
ments. (c) Raman spectra of mono-, bi-, tri-layer areas of the
MoS2 flake shown in (a). The dashed lines mark the phonon
energies for bulk MoS2.
oscillation, where the sulfur atoms are moving in oppo-
site directions. Raman studies on mono- and few-layer
MoS2 reveal, that the energy of the E
1
2g mode decreases
with increasing number of layers, whereas the energy of
the A1g mode increases with the number of layers [18].
Moreover, it has been reported for a monolayer of MoS2
that the energy of the A1g mode is sensitive to the doping
level due to phonon renormalization [23].
In our experiments, laser power dependent Raman
spectra taken on pristine mono- and few-layers of MoS2
on Si/SiO2 and sapphire substrates in ambient conditions
and vacuum are contrasted with Raman measurements
taken on electrostatically doped MoS2 utilizing a field-
effect device on SiO2 substrate. For mono- bi-, tri- and
four-layer flakes, we find a laser power induced shift of
the A1g phonon mode energy. From a comparison with
measurements done on electrostatically gated mono- and
bilayer MoS2 devices, we interpret the light induced shift
as a change in the charge carrier density ∆n via a photo-
gating effect. We further find that for up to 4 layers, the
photogating effect scales linearly to the inverse number
2of layers. Therefrom, we conclude that the free charge
carriers are delocalized and homogeneously distributed
over all layers for all investigated samples. The observed
photogating effect is not persistent, not observable in vac-
uum and independent from the investigated substrates.
The photogating effect is of importance for future mono-
and few-layered MoS2 optoelectronic devices operating
in ambient conditions.
The studied MoS2 flakes are micromechanically exfo-
liated from naturally occurring bulk crystals. They are
transferred on sapphire or Si/SiO2 substrates [Fig.1(a)].
The latter consists of p+-doped silicon with a 300 nm
thick SiO2 layer [Fig. 1(b)]. All flakes are character-
ized by optical microscopy [Fig.1 (a)] and µ-Raman spec-
troscopy in back scattering geometry under ambient con-
ditions at room temperature with λ = 488 nm [Fig. 1(c)].
The power of the exciting laser is varied from 25 to 1000
µW resulting in a power density between 0.5 kW/cm2
and 56.6 kW/cm2. Ohmic contacts for the dual gated
MoS2 field-effect device [Fig. 1(b)], are prepared by op-
tical lithography and e-beam evaporation of Ti/Au (5
nm/20 nm). The doped Si substrate serves as a back
gate electrode. A solid polymer electrolyte (PE) com-
posed of a mixture of polyethylene-oxide and CsClO4
act as a transparent top gate electrode [24]. The ca-
pacity of such an electrode is as high as CTG ≈ 1.5
µF/cm2 [23] providing a charge injection parameter of
αPE ≈ 0.9 × 10
13 cm−2/V. The MoS2 flakes are intrin-
sically n-type doped as confirmed from complementary
electrical measurements on a field-effect transistor device
(data not shown).
The Raman spectra of the MoS2 flake depicted in Fig.
1(a) are shown for the mono-, bi- and tri-layer areas in
Fig. 1(c). The energies of the E12g and the A1g modes
as well as their energy difference ∆E = |EA − EE | are
in excellent agreement to reported values in literature
[18]. We note that for the field-effect device, the energy
of the A1g phonon is red shifted by about 0.6 cm
−1 after
deposition of the PE top gate. We ascribe this shift to
a moderate modification of the charge carrier density in
MoS2 introduced from a different dielectric environment
on the top interface by adding the PE. The E12g mode is
unaffected by the presence of the PE electrode within the
experimental error of ±0.2 cm−1. This excludes strain
to be introduced by the polymer film covering the MoS2
flake [20].
Fig. 2 shows Raman spectra in dependence of the laser
power of pristine monolayer MoS2 on SiO2 and on sap-
phire in ambient conditions as well as on SiO2 in vac-
uum [Figs. 2(a,c,e)]. For the measurements performed
in ambient conditions [Figs. 2(a,e)], the A1g mode shifts
towards lower energies. Furthermore, it broadens with in-
creasing laser power, while the E12g mode remains almost
unaffected. Figs. 2(b,d,f) show the energies of the A1g
and E12g modes vs. the laser power in a semi-logarithmic
representation. Within the experimental resolution, an
exponential dependence of the A1g mode energy from the
laser power is observable for all samples measured in am-
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FIG. 2. Raman spectra of monolayer MoS2 for different laser
powers ranging from 25 to 1000 µW (a) on Si/SiO2 taken
in ambient conditions, (c) on Si/SiO2 in vacuum and (e) on
sapphire in ambient. (b), (d), (f) Semi-logarithmic repre-
sentation of the related A1g and the E
1
2g mode energies in
dependence of the laser power. The solid lines are linear fits
to the data points.
bient conditions. The energy of the E12g phonon mode is
unaffected by the laser power. Therefore, light-induced
heating of the MoS2 flake can be ruled out [22]. As dis-
cussed below, we attribute the redshift of the A1g mode
to a phonon renormalization by an increase of free charge
carriers; consistent with earlier reports on an electrostac-
tically doped monolayer MoS2 [23].
To corroborate our interpretation, we perform comple-
mentary Raman studies on electrostatically gated MoS2
mono- and bi-layer field-effect devices. Fig. 3 encloses
that the A1g mode energy is linearly dependent on the
applied gate voltage and hence on the change in charge
carrier density ∆n for both MoS2 mono- and bi-layer
flakes. Again, the E12g mode is unaffected by the gate
voltage within the experimental range. The gate induced
change in the charge carrier density ∆n can be quantified
from the charge injection parameter α [top axes in Fig.
33]. Consequently, the light induced change ∆n can be
deduced from a direct comparison with gate-voltage de-
pendent measurements [top axes in Figs. 2(b) and 2(f)].
With both methods, the charge carrier density can be
tuned by almost two orders of magnitude identified by a
shift of the A1g phonon mode of ≈ 3 cm
−1 for mono- and
≈ 1.5 cm−1 for bi-layers, respectively.
sample EA FWHM ∆EA ∆n
(environment) (cm−1) (cm−1) (cm−1) (1012cm−2)
SiO2 1 (a) 404.1 3.6 -0.6 2.8
SiO2 1 (v) 402.6 5.9 0.0 < 0.1
SiO2 2 (a) 404.3 3.3 -0.3 1.5
SiO2 3 (a) 403.7 4.1 -1.4 6.0
SiO2 3 (v) 402.5 7.0 0.0 <0.0
SiO2 4 (a) 403.1 5.2 -2.3 10.0
Sapphire 1 (a) 403.7 3.6 -0.9 4.1
Sapphire 2 (v) 402.1 6.9 <-0.1 < 0.6
TABLE I. Energy EA and full width at half maximum
(FWHM) of the A1g mode (P = 25 µW) measured in ambient
(a) and vacuum (v) as a measure for the intrinsic charge car-
rier density. Photogating efficiency given by the decrease of
the A1g mode energy ∆EA by increasing the power from P =
25 µW to P = 1 mW. ∆EA has been translated into a change
in the electron density ∆n by comparison with electrostatic
doping.
We note that the described photogating effect is not
persistent and it is independent from the used substrate.
It is reversible and tunable by the power of the light.
Photogating is not observable for measurements in vac-
uum as shown exemplarily for MoS2 on SiO2 in Figs.
2 (c,d). These findings strongly suggest that the inter-
face between MoS2 and the gaseous environment causes
the laser power dependent change in the charge carrier
density ∆n. Additionally, the A1g mode is significantly
broadened and red-shifted for measurements in vacuum
with p ≤ 5 × 10−6 mbar [Fig. 2 (c)] compared to mea-
surements in ambient conditions. This behavior suggests
a large charge carrier density of MoS2 in vacuum, which
is independent from the laser power [Fig. 2(d)]. The
enhanced doping in vacuum is entirely reversible. After
measurements in vacuum and exposing the MoS2 sheets
to ambient air, the A1g mode is again stiffened and the
FWHM is reduced. We further point out that the ab-
solute values of the A1g mode energy and FWHM vary
from sample to sample (compiled for 6 samples in table I).
However, the individual values are stable against repeti-
tion of measurements in vacuum and ambient conditions
as well as measurements with varying light intensities.
We explain the photogating by a photodesorption of
environmental molecules that are physisorbed on the
MoS2 surface. It has been reported in literature from
photoluminescence measurements that physisorption of
H2O and O2 molecules leads to a reduction of the
charge carrier density in MoS2 [12, 14].The physisorbed
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FIG. 3. Energy of the A1g and the E
1
2g modes in dependence
of the applied top gate voltage for mono-layer (a) and bilayer
MoS2 (b). The solid lines are linear fits to the data points.
molecules act as molecular gates [12, 15] causing a charge
transfer from the MoS2 surface to the molecules of ≈
0.01 electrons per H2O molecule and ≈ 0.04 electrons
per O2 molecule [12, 14]. These values are for defect free
crystals. The charge transfer from MoS2 to molecules
that are physisorbed on defect sites or wrinkles might be
altered. Removing such molecules prevents the charge
transfer from the MoS2 layers resulting in an increas-
ing charge carrier density. The binding energies of ph-
ysisorbed H2O and O2 molecules on the surface of MoS2
determined from density functional theory (DFT) calcu-
lations are 110 meV and 79 meV, respectively [12, 14].
Consistently, both molecules can be easily removed with
measurements under high-vacuum conditions, especially
during the exposure to light.
Let us now turn to the discussion of the laser power
dependent increase of the charge carrier density for mea-
surements in ambient conditions. We find a softening and
broadening of the A1g phonon mode for measurements
performed in vacuum as well as for measurements under
ambient conditions with a high laser power of P = 1mW.
In line with the removal of a large amount of physisorbed
molecules in vacuum, we interpret the laser power depen-
dence of the A1g mode as a consequence of laser induced
cleaning of the MoS2 surface. In this picture, an increase
of the laser power diminishes the number of physisorbed
molecules and hence, the charge transfer from MoS2 to
the molecules is reduced. In short, for a low laser power
a larger amount of physisorbed environmental molecules
exists that effectively deplete the intrinsic electron den-
sity in MoS2. Vice versa, a high laser power diminishes
the amount of physisorbed molecules (laser cleaning) re-
sulting in a reduction of the charge transfer from MoS2
and a large electron density within the 2D crystal.
In a steady state illumination the amount of ph-
ysisorbed molecules is given by laser cleaning and ph-
ysisorption rates. Whereas the physisorption rate is fixed
for a specific sample and its environment, the laser clean-
ing rate depends on the light intensity. In this way, we
explain the tunability of the laser power induced change
in the charge carrier density. Differences between the
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FIG. 4. Laser power dependent energy shift ∆EA of the A1g
phonon mode (relative to the A1g mode energy at P = 25µW)
for different samples and number of layers in ambient condi-
tions. The deduced energy shift ∆EA is multiplied by the
number of layers. The traces are shifted vertically by 0.2
cm−1 for clarity. Inset: ∆EA vs number of layers for to sam-
ple at an laser power of P = 500 µW.
individual samples are expected to be caused by crystal
defects such as sulfur vacancies in the MoS2 lattice[14]
or ripples acting as attractive sites for physisorption of
environmental molecules. The used substrate materials
seem to play an inferior role compared to the statistical
variation from flake to flake exfoliated from the identical
bulk crystal.
Fig. 4 shows the laser power dependent shift of the A1g
phonon mode energy ∆EA relative to the mode energy
at P = 25µW for different flakes consisting of mono- and
few-layer parts. Intriguingly, we find that ∆EA scales
linearly with the inverse number of layers. In Fig. 4, the
shift of the A1 mode energy multiplied by the number of
layers (∆EA× number of layers) is plotted vs. the laser
power for 6 samples. The scaling with respect to the
number of layers [inst Fig. 4] reveals that the phonon-
renormalization has a similar influence on the A1g mode
energy for mono-, bi-, tri- and four-layer MoS2 under
the assumption that free charge carriers are delocalized
and freely distributed over all individual basal planes.
The same proportionality is observable for electrostati-
cally induced changes in the electron density for MoS2
mono- and bi-layer flakes [Fig. 3].
In summary, we show that the charge carrier density in
MoS2-devices in ambient conditions is precisely tunable
by the light intensity. This photogating effect is stud-
ied by Raman spectroscopy by the sensitivity of the A1g
phonon mode to the charge carrier density. The photo-
gating is quantified from comparison with gate-voltage
dependent measurements on field effect devices. We fur-
ther conclude that the charge carrier density is homo-
geneously distributed over the basal planes for up to
4 layers. Our study reveals that the photogating can
be assigned to the light induced removal of physisorbed
molecules acting as molecular gates. This effect facil-
itates to reversibly modify the interfacial properties of
optoelectronic MoS2 devices without the need for electri-
cal contacts.
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